Erlotinib and gefitinib, tyrosine kinase inhibitors used to block EGFR (epidermal growth factor receptor) signalling in cancer, are thought to bind only the active conformation of the EGFR-TKD (tyrosine kinase domain). Through parallel computational and crystallographic studies, we show in the present study that erlotinib also binds the inactive EGFR-TKD conformation, which may have significant implications for its use in EGFR-mutated cancers.
INTRODUCTION
Activating mutations in the EGFR (epidermal growth factor receptor) are now well accepted as oncogenic drivers in such cancers as NSCLC (non-small-cell lung cancer) [1] and glioblastoma [2, 3] . Several drugs that inhibit EGFR signalling are now in clinical use, including antibody therapeutics and ATPcompetitive small molecule TKIs (tyrosine kinase inhibitors) [4] . Approved EGFR-targeted TKIs include erlotinib and gefitinib (which are EGFR-specific), lapatinib (which inhibits both EGFR and HER2/ErbB2) and vandetanib [which inhibits EGFR, VEGFR (vascular endothelial growth factor receptor) and Ret]. Many more are currently being developed and/or tested.
Not all EGFR-driven cancers are sensitive to EGFR-targeted TKIs [4] . In EGFR-mutated NSCLC, for example, primary resistance is seen in approximately 25 % of cases. Where responses are seen, acquired resistance to first-generation TKIs invariably occurs [5] , often through secondary EGFR mutations [6, 7] . Intriguingly, the selectivity of response to different EGFRtargeted TKIs appears to depend on how the receptor is activated. For example, EGFR activated by TKD (tyrosine kinase domain) mutations in NSCLC can be inhibited by erlotinib and CI-1033 (canertinib) but not by lapatinib or HKI-272 (neratinib), whereas the same receptor activated by extracellular mutations in glioblastoma is conversely inhibited by lapatinib and HKI-272 (neratinib) but not by erlotinib or CI-1033 (canertinib) [3] .
Previous structural studies of EGFR-TKD bound to different TKIs [8] suggest that individual drugs differ in their preference for the 'active' compared with 'inactive' conformation of the kinase, although they are all strictly type I TKIs [9] in that they bind EGFR-TKD in the 'DFG (Asp-Phe-Gly)-in' conformation.
Crystal structures of erlotinib-bound [10] or gefitinib-bound [11] EGFR-TKD show the kinase in the same active conformation, allosterically stabilized by a characteristic asymmetric dimer formed in the crystals [12] . By contrast, crystals of EGFR-TKD bound to lapatinib [13] or HKI-272 (neratinib) [7] show a distinct Src-like inactive conformation in which a short activation loop α-helix makes autoinhibitory interactions with the displaced αC helix [12] . On the basis of these studies, erlotinib and gefitinib are thought to bind only the active EGFR-TKD conformation, whereas lapatinib and neratinib are thought to bind only the inactive conformation.
Despite these structural views, biochemical and binding studies argue that EGFR-targeted TKIs may not in fact be so conformationally selective. Extensive direct binding studies suggested that erlotinib, gefitinib and lapatinib all bind similarly (within 3-fold) to both wild-type inactive and mutationally activated forms of EGFR-TKD [14] . Erlotinib and gefitinib affinities were also reported [15] not to be affected by a C-lobe mutation (V924R) that prevents formation of the activated asymmetric dimer [12] , again suggesting that these inhibitors bind similarly to inactive and active EGFR-TKD. Moreover, studies of near full-length EGFR [16] indicated that the apparent K i value for inhibition by lapatinib is increased only 1.8-fold upon receptor activation. It should be noted, however, that some other published data do suggest affinity differences between active and inactive EGFR-TKD for some of these inhibitors. For example, the apparent K i for lapatinib inhibition of near full-length EGFR was increased >25-fold when activated by the oncogenic L834R mutation [16] . Blocking EGFR activation with cetuximab also increased the apparent K i for erlotinib [16] , suggesting that inactive EGFR has a reduced affinity for erlotinib. Moreover, one set of direct gefitinib-binding studies suggested that this TKI binds more tightly to the activated (L834R) EGFR-TKD than to the inactive conformation [11] . On balance, it therefore remains unclear whether EGFR inhibitors are truly conformationally selective. It is clear, however, that a full understanding of which TKIs bind more tightly to which mutated EGFR variants found in patients could have significant potential impact on inhibitor choice in the clinic.
To investigate conformational selectivity of EGFR inhibitors further, we undertook computational and crystallographic studies of erlotinib binding to EGFR-TKD in its active and inactive states. Our computational studies predicted that erlotinib binds both inactive and active TKD conformations with similar affinities. We used X-ray crystallography to test this prediction, and describe a structure of inactive EGFR-TKD with bound erlotinib. The findings of the present study cast further doubt on the conformational selectivity of EGFR inhibitors, and also suggest that other characteristics, such as differences in inhibitor dissociation [13] or cycling [17] rates, may underlie the distinct effects of erlotinib and lapatinib on NSCLC and glioblastoma cell lines [3] , and will need to be understood to counter TKI resistance.
EXPERIMENTAL

Plasmid construction
DNA encoding kinase domain residues 672-998 (mature protein numbering), equivalent to residues 696-1022 (precursor protein numbering) of human EGFR (NCBI sequence NP_005219.2) was amplified by PCR using primers that included an N-terminal His 6 tag and SpeI/XhoI restriction sites. The PCR product was subcloned into pFastBac1(Invitrogen) for generating recombinant baculovirus with the Bac-to-Bac system (Invitrogen) for protein expression in Spodoptera frugiperda Sf9 cells. To generate the V924R mutation, the codon for Val 924 (mature protein numbering) was substituted with an arginine codon using the QuikChange ® method (Agilent Technologies).
Protein production and purification
Sf9 cells at (1.5-2)×10 6 /ml were infected with recombinant baculovirus, and harvested by centrifugation after 3 days. Cells expressing histidine-tagged EGFR 672 − 998 /V924R (∼3 litres of medium) were lysed by sonication in 100 ml of lysis buffer [20 mM Tris/HCl (pH 8.0), containing 500 mM NaCl, 5 mM 2-mercaptoethanol and protease inhibitor cocktail (Roche)]. After centrifugation at 40 000 g for 30 min to remove cell debris, the supernatant was passed through a 0.45 μm filter and incubated with Ni-NTA (Ni 2 + -nitrilotriacetate) agarose beads (Qiagen) for 1 h at 4
• C. Beads were washed in 50 column volumes of lysis buffer, and bound EGFR-TKD protein was eluted in lysis buffer containing increasing concentrations of imidazole. Eluted protein was then further purified using an UnoQ anion-exchange column (Bio-Rad Laboratories) equilibrated with 20 mM Tris/HCl (pH 8.0), containing 5 % glycerol and 2 mM DTT (dithiothreitol), and eluting with a gradient from 75 mM to 1 M NaCl over 20 column volumes. EGFR-TKD protein was then subjected to a final step of size-exclusion chromatography using a Superdex 200 column (GE Healthcare) equilibrated in 20 mM Tris/HCl (pH 8.0), containing 150 mM NaCl and 2 mM DTT. In total 1-2 mg of purified EGFR 672 − 998 /V924R protein was typically obtained per litre of Sf9 cell culture. Crystallization and structure determination
Crystals were obtained using the hanging-drop vapour diffusion method, by mixing equal volumes of protein and reservoir solutions and equilibrating over the reservoir solution at 21
• C. EGFR-TKD protein was concentrated to 6 mg/ml in 20 mM Tris/HCl (pH 8.0), containing 150 mM NaCl and 2 mM DTT. Crystals were obtained with a reservoir solution of 0.25 M sodium thiocyanate (pH 6.9) and 27 % (w/v) PEG [poly(ethylene glycol)] 3350, and when 10 mM taurine had been included as 'additive' in the hanging drop. Crystals were soaked for 2 h at 21
• C in mother liquor containing 1 mM erlotinib. Crystals were cryo-protected in reservoir solution with 20 % (w/v) glycerol added and flash frozen in liquid nitrogen. Diffraction data were collected at beamline 23ID-D of GM/CA@APS (Advanced Photon Source), where crystals diffracted to 2.75 Å (1 Å = 0.1 nm), and were processed using HKL2000 [18] (see Table 1 ). The structure was solved by molecular replacement using Phaser [19] with the inactive EGFR (V924R)-TKD structure (PDB code 3GT8 [20] ) as the search model. Repeated cycles of manual building/rebuilding using Coot [21] were alternated with rounds of refinement using REFMAC [19, 22] , plus composite omit maps calculated using CNS [23] . PHENIX [24] and TLS refinement [25] were used in the later stages. Co-ordinates, parameter files and molecular topology of erlotinib were generated by PRODRG [26] . Data collection and refinement statistics are shown in Table 1 . One molecule of EGFR 672-998 /V924R is present in the asymmetric unit, and the model of its structure complexed with erlotinib includes amino acids 679-709 and 714-960 (mature EGFR numbering). Structural figures were generated with PyMOL (http://www.pymol.org).
System preparation and molecular docking
Active EGFR-TKD was modelled on the basis of PDB entries 1M17 (which also provided the initial erlotinib conformation) [10] and 2ITX [11] , and the L834R mutant was modelled on the basis of PDB entry 2ITV [11] . Inactive EGFR-TKD was modelled based on PDB entries 2GS7 [12] and 1XKK [13] . Protein and ligand conformations were prepared using the Protein Preparation Wizard and LigPrep protocols from Schrödinger Software. All docking simulations used the OPLS (Optimized Potentials for Liquid Simulations) force field [30] , and used Schrödinger's IFD (Induced Fit Docking) package [31] . Ligand was first docked to rigid protein using Glide XP [32] . For the resulting top 20 complex conformations, the protein side chains within 5.0 Å of the ligand in that pose were subjected to conformational search and minimized using Prime [33] and the ligand was redocked to the 20 new receptor conformations.
Parameterization of erlotinib for MD (molecular dynamics)
For MD-based analysis of EGFR-TKD-inhibitor interactions, we first generated a CHARMM format force field for erlotinib by following the procedure detailed in the Supplementary Online Data (at http://www.biochemj.org/bj/448/bj4480417add.htm), adding nine new atom types to the CHARMM27 [34] topology file to represent new atom types in erlotinib (see Supplementary Figure  S1 at http://www.biochemj.org/bj/448/bj4480417add.htm). Tests of erlotinib parameterization are shown in Supplementary Figure S2 and Supplementary Table S1 (at http://www.biochemj. org/bj/448/bj4480417add.htm).
MD simulations
Conformations generated from IFD were energy-minimized and subsequently equilibrated by performing MD using the CHARMM27 force field [34] . Each system was subjected to constant temperature and constant pressure MD runs at 300 K and 101.325 kPa, followed by constant temperature equilibrium at 300 K with periodic boundaries enforced and longrange electrostatics taken into consideration for 10 ns.
MM/PBSA (molecular mechanics/Poisson-Boltzmann surface area) calculation
We used MM/PBSA [35, 36] to calculate the absolute binding free energy and compared it with the Glide [32] score based on the 10 ns MD simulation. MM/PBSA energies of each modelled complex conformation were calculated as the average of the single-point MM/PBSA energy of 500 snapshots taken from the 10 ns simulation. Water molecules and salt ions were removed from the trajectory before calculation. The molecular mechanics energy, U MM , was evaluated by averaging energies over all structures using an infinite cut-off for non-bonded interactions. The electrostatic contribution to the solvation free energy, W PB , was calculated using Poisson-Boltzmann Solver in CHARMM [37] . The reference system had a solvent dielectric constant of 1 and salt concentration of 0 M, and the solvated system had a dielectric constant of 80 and salt concentration of 100 mM. Non-polar contribution to the solvation free energy, W SA , was approximated with the surface area model W SA = [0.00542 kcal/mol/Å 2 ]×SASA + 0.92 kcal/mol [38] , where the SASA (surface-accessible surface area) was estimated using a 1.4 Å solvent probe radius. Terms for entropy changes in the MM/PBSA score were neglected. 
Figure 1 Comparison of erlotinib binding to active and inactive EGFR-TKD models
On the basis of the computational models described in the present study, erlotinib is shown bound to active EGFR-TKD (cyan) and inactive EGFR-TKD (yellow). The protein structure in the background is similarly coloured (cyan for active, yellow for inactive). 
RESULTS AND DISCUSSION
Computational analysis of erlotinib binding to EGFR-TKD
To investigate the possible basis for preferential binding of erlotinib to the active conformation of EGFR-TKD, we used computational approaches. Docking erlotinib on to wild-type EGFR-TKD in its active conformation, as described in the Experimental section, closely reproduced the binding mode observed crystallographically in PDB entry 1M17 [10] (see Supplementary Online Data and Supplementary Figure S4 at http://www. biochemj.org/bj/448/bj4480417add.htm). Erlotinib was stable in this bound conformation (cyan in Figure 1 ) throughout a 10 ns MD run (Supplementary Figure S5 at http://www. biochemj.org/bj/448/bj4480417add.htm). Notably, two water molecules (W1 and W2 in Figure 1) 
Figure 2 Crystal structures of TKI-bound EGFR-TKD
(A) The 2.75 Å resolution structure of V924R-mutated EGFR-TKD in its inactive form bound to erlotinib (green) as described in the text and Table 1 . (B) Crystal structure from PDB entry 1XKK [13] showing lapatinib (blue) bound to inactive EGFR-TKD. (C) Crystal structure from PDB entry 1M17 [10] showing erlotinib (magenta) bound to active EGFR-TKD. Note that the αC helix is in the 'in' or 'active' position in (C), but in the 'out' or 'inactive' position in (A) and (B), and that the characteristic short α-helix seen in the inactive EGFR-TKD activation loop is present in (A) and (B), but not (C). As described in the text, the crystal structure shown in (A) confirms our computational findings that erlotinib can bind to the inactive EGFR-TKD conformation.
(free energy perturbation) calculations (see Supplementary Online Data) indicated no increase in erlotinib binding affinity to the L834R mutant (Table 2 ).
Computational studies of erlotinib binding to inactive EGFR-TKD
To challenge the assumption that erlotinib, gefitinib and other related inhibitors only bind to (and stabilize) the active EGFR-TKD conformation, we used the same computational approaches to ask whether erlotinib can bind to the inactive conformation of the kinase. Surprisingly, docking erlotinib into a crystal structure of the inactive EGFR-TKD (PDB entry 1XKK [13] ), after removing lapatinib from the model, yielded a very similar Glide [32] score ( − 9.72 kcal/mol) to that seen for active EGFR-TKD ( − 9.34 kcal/mol). Moreover, when the two models were overlaid (Figure 1 ), the orientation of erlotinib and the conformation of its binding site were very similar in active (cyan) and inactive (yellow) EGFR-TKD models. N1 of the erlotinib quinazoline moiety receives a hydrogen bond from the amide nitrogen of Met 769 in both cases. The two water molecules (W1 and W2) mentioned above form essentially the same hydrogen-bonding network in each model, which also involves the Gln 767 backbone carbonyl, the Thr 766 side chain, nitrogen N3 of the erlotinib quinazoline moiety and the Thr 830 side chain ( Figure 1 ). An additional third strongly bound water molecule (W3 in Figure 1) was seen in the model of erlotinib-bound inactive EGFR-TKD. Distances between erlotinib and protein (and between bound waters and erlotinib) were stable throughout a 10 ns MD simulation, as plotted in Supplementary Figure  S7 (at http://www.biochemj.org/bj/448/bj4480417add.htm). Thus our computational studies failed to provide any explanation for why erlotinib might bind preferentially to the active conformation of EGFR-TKD. Yun et al. [11] suggested that favourable van der Waals interactions between gefitinib and the back of the ATPbinding cleft in active EGFR-TKD may be lost in the inactive state, but this was not seen in our modelling.
Crystal structure of erlotinib bound to inactive EGFR-TKD
Following the unexpected suggestion from our computational studies that erlotinib binds similarly to active and inactive EGFR-TKD, we sought to crystallize the kinase domain in its inactive conformation with erlotinib bound. Previous crystal structures of active EGFR-TKD with erlotinib [10] or gefitinib [11] bound were obtained by soaking the drug into pre-formed crystals. However, it is now clear that wild-type EGFR-TKD (or variants harbouring NSCLC mutations) always adopt the active conformation in crystals [10, 12] , because of EGFR-TKD's intrinsic tendency to form asymmetric dimers in which the C-lobe of one molecule associates with the N-lobe of its neighbour to stabilize the active conformation. Although EGFR-TKD co-crystallized with lapatinib [13] , HKI-272 [7] or related inhibitors adopt the inactive conformation, wild-type EGFR-TKD only crystallizes in the inactive conformation when the asymmetric dimer is disrupted by a mutation in its interface (such as V924R in the C-lobe) [12, 20] or by a Mig6-derived peptide that binds to the C-lobe dimerization site [39] .
By soaking erlotinib into crystals formed by a V924R-mutated EGFR-TKD variant, we were able to determine the structure of erlotinib bound to inactive EGFR-TKD at a resolution of 2.75 Å ( Table 1) . As shown in Figure 2 , our structure of inactive EGFR-TKD closely resembles that seen in PDB entry 1XKK [13] (in complex with lapatinib). The RMSD (root mean square deviation) between α carbon positions in these two structures was 1.30 Å, and the α carbon RMSD for overlay of our inactive structure with PDB entry 3GT8 [20] was 1.42 Å. As illustrated in Figure 3 , the crystal structure shows erlotinib (green in Figure 3A ) to be slightly shifted in the binding site compared with its predicted position in the model (yellow in Figure 3A) ; to the left in the aspect of the Figure by . Waters W1-W5 are labelled for the erlotinib/inactive EGFR-TKD structure. Waters W1 and W2 are also found in the lapatinib complex [13] . W3-W5 in the erlotinib complex structure lie in a pocket occupied by the (3-fluorobenzyl)oxy group of lapatinib in PDB entry 1XKK. Functional groups, side chains and bound waters are shown as described in Figure 1 . Polypeptide in the foreground has been removed for clarity.
backbone in the region of residues 767-770. Other key side chains (Thr 766 , Thr 830 , Asp 831 and Lys 721 ) shown in Figure 3 (A) are located very similarly in the model and crystal structure. Importantly, the pattern of water molecules predicted by our model was also observed crystallographically (compare yellow and green waters in Figure 3A ). W1 and W2 are in very similar positions in the crystal structure and model, providing crystallographic evidence that the predicted water-mediated hydrogen-bonding network involving the quinazoline moiety of erlotinib, and Thr 766 /Gln 767 /Thr 830 of EGFR-TKD is maintained in the inactive conformation. Interestingly, equivalent waters are also seen in the published crystal structure of lapatinib-bound inactive EGFR-TKD ( Figure 3B ) [13] . Moreover, a crystallographic water was seen in our erlotinib/inactive EGFR-TKD structure close to the position of W3 in the computational model, and near the side chains of Thr 766 and Thr 830 . Additional waters labelled W4 and W5 in Figure 3 (A) are seen in our erlotinib/EGFR-TKD crystal structure and not the model. Interestingly, as shown in Figure 3(B) , waters W3-W5 in our structure lie in the same pocket within inactive EGFR-TKD that is occupied by the (3-fluorobenzyl)oxy group of lapatinib in PDB entry 1XKK [13] ; these waters also interact with the EGFR-TKD backbone in parts of the αC helix (Met 742 ) and Phe 832 of the DFG motif.
Conclusions
It is generally assumed that the EGFR inhibitors gefitinib and erlotinib bind selectively to the active conformation of EGFR-TKD, whereas lapatinib selectively binds the inactive configuration. A preference of lapatinib for inactive EGFR-TKD can be rationalized, since it has a bulky [(3-fluorobenzyl)oxy] substituent on its aniline ring that projects into the space opened up upon displacement of the αC helix in the inactive kinase (as shown in Figure 2B ). For erlotinib, however, no significant difference in the binding affinity for inactive and active EGFR-TKD conformations could be detected using a range of computational approaches. This led us to confirm crystallographically that erlotinib can indeed bind to EGFR-TKD in its inactive conformation (Figures 2A and 3 ). These findings have several important implications. First, our findings complicate suggestions in the literature that erlotinib and gefitinib drive EGFR dimerization by stabilizing the active configuration. Since asymmetric dimerization of EGFR-TKD promotes its acquisition of the active conformation, the converse should also be true: that stabilization of the active TKD conformation drives dimerization. Thus if erlotinib and gefitinib selectively bind and stabilize the active EGFR-TKD conformation, their binding should drive asymmetric dimer formation. Indeed, it has been reported that gefitinib stabilizes formation of EGFR-containing heterodimers in cells [40] . Moreover, Springer and colleagues have reported in electron microscopy studies [15, 41] that gefitinib promotes dimerization of near full-length EGFR by inducing structures that resemble asymmetric EGFR-TKD dimers. The finding in the present study that erlotinib also binds to inactive (monomeric) EGFR-TKD is difficult to reconcile with the simple interpretation of these reports, as are other published data indicating that neither stabilizing the active conformation of EGFR-TKD with oncogenic mutations nor disrupting the asymmetric dimer interface with a V924R mutation (and thus stabilizing the inactive conformation) alters the affinity of EGFR-TKD for gefitinib or erlotinib [14, 15] .
Secondly, the findings of the present study argue that the relative abilities of erlotinib/gefitinib-type EGFR TKIs and lapatinib/neratinib TKIs to inhibit different mutationally activated EGFR variants is more complicated than previously thought. Given the results of the present study, the fact that NSCLC mutants and glioblastoma mutants are selectively inhibited by erlotinib and lapatinib respectively [3] seems unlikely simply to reflect stabilization of different conformational states of EGFR-TKD in the two cancers (active for NSCLC, inactive for glioblastoma). Rather, the different sensitivities of the EGFR mutants are likely to reflect more complicated conformational, and dynamic, characteristics, as suggested by a previous study [17] . It is clear, for example, that lapatinib dissociates from EGFR-TKD much The author(s) has paid for this article to be freely available under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.org/licenses/by-nc/2.5/) which permits unrestricted non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited. more slowly than erlotinib or gefitinib [13] (although covalent inhibitors dissociate even more slowly, yet still show differential effects). More extensive analysis is required to identify the differences between these groups of inhibitors, which ultimately should aid in tailoring the type of inhibitor used clinically to the mode in which EGFR has been aberrantly activated. 
AUTHOR CONTRIBUTION
EXPERIMENTAL Erlotinib parameterization
The CHARMM27 force field [1] consists of the following terms: and ε ij are, respectively, the distance between atoms i and j at which the LJ (Lennard-Jones) potential is zero and the depth of the LJ potential well for the same pair of atoms; D is the effective dielectric constant; and q i is the partial atomic charge on atom i. All of these parameters need to be defined for each atom type of erlotinib.
An erlotinib molecule is depicted in Figure S1 , with atom types labelled. As indicated in Figure S1 , parameterization of erlotinib required nine new atom types to be added to the CHARMM topology file. Initial partial atomic charges (q i ) for these atom types were calculated using a CHELPG (CHarges from ELectrostatic Potentials using a Grid)-based method [2] in the ab initio electronic structure package GAUSSIAN [3] , by fitting the molecular mechanics-derived electrostatic potential to that obtained quantum mechanically. The van der Waals constants (R min ij and ε ij ) were transferred from existing CHARMM parameters and were not modified during refinement as their values depend mostly on atomic properties and are transferable to the molecular environment. The equilibrium constants (b 0 and θ 0 ) were obtained from optimized structures of erlotinib based on its conformation in an erlotinib/EGFR-TKD crystal structure [4] using ab initio calculations, and were not changed during optimization. Initial estimates of all missing intermolecular forcefield constants K b , K θ and K χ , and the equilibrium constants for the dihedral terms, namely n and δ,were made based on analogy with existing CHARMM parameters. For the carbon-carbon triple bond in erlotinib (between CC 3 atoms) we first performed an ab initio rigid potential energy surface scan along the bond length, and then used a parabolic potential function to fit the potential surface for an initial estimate of this bond constant. Partial atomic charges (q i ) were adjusted to reproduce interaction energies and geometry of hydrogen-bond donor/acceptor atoms in the inhibitor compound with water molecules: water molecules were placed proximal to the three nitrogen atoms of erlotinib. Hydrogen bonds between erlotinib and these three waters were individually optimized via ab initio calculations using the 6-31G* basis set with fixed monomer geometries. The partial atomic charges in CHARMM were manually adjusted to reproduce the ab initio geometric and energetic results. Following the strategy used in generating CHARMM force fields for other biomolecules [1, 5, 6] , the ab initio interaction energies are scaled by 1.16 and the distances are offset by − 0.2Å.
The force constants K b , K θ and K x were refined by reproducing the vibrational eigenvalues and eigenvectors from ab initio calculations following the procedure used by Vaiana et al. [7] , which ensured that both vibrational frequencies and vibrational modes (defined by eigenvectors) calculated from CHARMM and those from ab initio methods match closely. In this algorithm, the current parameter set is used for energy minimization and the calculation of normal modes v (the corresponding quantity calculated 1 These authors contributed equally to this work. 2 Correspondence may be addressed to either of these authors (email mlemmon@mail.med.upenn.edu or rradhak@seas.upenn.edu). Co-ordinates and structure factors of the erlotinib-bound EGFR 672-998 /V924R structure have been deposited with the PDB under the accession code 4HJO. from GAUSSIAN) and a best projection (mode i in CHARMM projecting to mode j max in GAUSSIAN), is obtained according to two criteria: (i) there is a one-to-one correspondence of the two-sets of eigenvectors, and (ii)
is a minimum.
Then, the penalty function value is calculated by
In the ideal case, v 
An automated procedure using a GA (genetic algorithm) [8] was developed for the refinement of the intermolecular forcefield constants and the dihedral potential energy surfaces. We iteratively repeated the procedure to refine (i) partial charges, (ii) frequencies and eigenvectors and (iii) the dihedral surface scan until reaching a force field with which the target data, the water interaction, the dihedral potential energy surface and the vibrational normal modes, calculated by CHARMM match well with the corresponding values calculated by GAUSSIAN. A demonstration of the successful application of this procedure for parameterizing erlotinib is shown in Figure S2 and Table S1 . This parameter set is optimized to be consistent with the CHARMM27 force field, and is ready to be used further in MD simulations involving the inhibitor.
FEP
G B and G U (see Figure S3 ) for the effects of the L834R mutation were calculated by the FEP method [9] , using the alchemical free energy method in NAMD 2.7b2 [10] with the dual-topology paradigm. For each state (bound or unbound), FEP calculations were performed in both forward and backward directions to ensure convergence and to obtain error bars. For each direction, the perturbation was divided into 72 windows . In each window, the system was equilibrated for 20 ps and run for another 100 ps for data collection. Larger window sizes and longer simulations were also tested to ensure that this set-up provides reasonable convergence in the final binding affinity. To avoid 'end-point catastrophes' [11] , the soft-core potential was used to gradually scale the unbonded interaction potential. For appearing particles, van der Waals interactions were linearly coupled to the simulation from λ = 0 (fully decoupled) to λ = 1 (fully coupled), and electrostatic interactions were coupled to the simulation over the range λ = 0.5 to λ = 1. For the vanishing particles, the van der Waals interactions were linearly decoupled from the simulation over the value range 0 to 1, and the electrostatic interactions were decreased gradually from λ = 0 to λ = 0.5.
RESULTS AND DISCUSSION
Erlotinib binding to active EGFR-TKD
To investigate the basis for possible preferential binding of erlotinib to the active conformation of EGFR-TKD, we used computational approaches. We first docked erlotinib on to two different wild-type active conformation EGFR-TKD crystal structures using the docking algorithm Glide [12] (see the The change in G for drug binding caused by an EGFR-TKD mutation ( G WT→mut ) can be calculated based on this thermodynamic cycle as the difference between the free energy changes caused by the particular mutation in the bound state ( G B ) and the unbound state ( G U ).
Experimental section in the main text). One structure was an EGFR-TKD-erlotinib complex (PDB entry 1M17 [4] ) and the other was an active conformation of EGFR-TKD with bound p[NH]ppA (adenosine 5 -[β,γ -imido]triphosphate) (PDB entry 2ITX) [13] . In both cases, erlotinib was predicted to bind in a very similar orientation to that seen crystallographically [4] , as shown in Figure S4 , with N1 of the erlotinib quinazoline moiety accepting a predicted hydrogen bond from the amide nitrogen of Met 769 . The docked structures were subjected to MD simulations (see the Experimental section in the main text), which showed that erlotinib is stable in the location shown in Figure S4 throughout the entire course of a 10 ns run ( Figure S5 ). The aniline moiety remains in a pocket defined by Leu 764 (not shown), Lys 721 and Thr 766 , whereas the 'tails' of the erlotinib molecule are quite flexible. In our MD simulations, two water molecules (cyan W1 and W2 in Figure S4 ) entered the binding pocket and formed a stable network of hydrogen bonds involving residues Thr 766 , Gln 767 and Thr 830 after the initial 2 ns of equilibration. W1 is also seen in the published crystal structure (magenta in Figure S4 ), and forms a predicted hydrogen bond with both the N3 nitrogen of the erlotinib quinazoline moiety and the side-chain hydroxy group of the gatekeeper residue Thr 766 . The second water molecule seen in our model (W2), but not observed in the 2.6 Å resolution crystal structure [4] , appears to bridge W1 to the carbonyl oxygen of Gln 767 . Very similar observations were made when erlotinib was docked similarly on to the structure of EGFR-TKD harbouring a L834R activating mutation (PDB entry 2ITZ [13] ), with the modelled inhibitor overlaying almost exactly with that seen in Figure S4 , and with the same water involvement in binding seen in a subsequent MD run ( Figure S5, green trace) . A very similar hydrogen-bonding network involving two water molecules was reported in a previous computational study using a different force field [14] , lending further confidence to these results.
Comparison of erlotinib binding to wild-type and L834R EGFR-TKD
To compare the erlotinib-binding affinities of wild-type and L834R-mutated EGFR-TKD, we calculated the absolute binding Erlotinib is shown bound to active EGFR-TKD in our computational model (cyan) and in the erlotinib/EGFR-TKD (active conformation) crystal structure reported in PDB entry 1M17 [4] (magenta). Functional groups in several EGFR-TKD residues that interact directly or indirectly with the bound erlotinib are shown, and the cartoon from only 1M17 is shown. energy using both the Glide docking package [12] and MM/PBSA calculations (see the Experimental section), as listed in Table 2 of the main text. The Glide docking scores and MM/PBSA energies are very similar for both wild-type EGFR-TKD and the variant containing the L834R activating mutation. To further interrogate possible differences, we also calculated the relative binding affinity difference based on the thermodynamic cycle in Figure S3 and FEP calculations. In the FEP calculations, the Helmholtz free energy difference between wild-type EGFR-TKD and the L834R system for the bound and unbound states ( G B and G U respectively) were calculated in both forward and backward directions to check for convergence. The cumulative free energy differences are shown in Figure S6 (see also Table  S2 ). The calculated G WT→mut values are 0.68 kcal/mol and 0.98 kcal/mol respectively in the forward and backward directions, again indicating that erlotinib binds with a very similar affinity to wild-type and L834R-mutated EGFR-TKD. The backward direction energies were scaled to the same zero point as the forward direction. For the FEP calculations, the van der Waals and electrostatic interactions are separately scaled. For appearing particles, van der Waals interactions are linearly coupled to the simulation from λ = 0 (fully decoupled) to λ = 1 (fully coupled), and electrostatic interactions are coupled into the simulation over the range λ = 0.5 to λ = 1. For vanishing particles, van der Waals interactions are linearly decoupled from the simulation over the value range of 0-1, and the electrostatic interactions are decreased gradually from λ = 0 to λ = 0.5.
Figure S7 Comparison of RMSD values for critical hydrogen bonds in active and inactive wild-type simulations
Values for the distance between N1 of the erlotinib quinazoline moiety and Met 769 , as well as the distance from erlotinib N3 of the three waters shown in the model in Figure 3 (A) of the main text were monitored during the 10 ns simulation (omitting the first 2 ns), and are plotted in green. For comparison, data for the wild-type active EGFR-TKD conformation (as in Figure S5 ) are shown in blue.
c The Authors Journal compilation c 2012 Biochemical Society
